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31 P NMR S1 .
Spectra Deconvolutions
The deconvolutions of the 31 P NMR spectra employed relatively constrained parameter spaces within each fixed-N Si BO series: each value of the chemical shift (δ n P ) and the fwhm height (W n P ) was restricted within ±1 ppm and ±2 ppm, respectively. Such a procedure ensures consistency in the data fitting. Yet, generally the resulting best-fit fractional populations did not differ substantially from those extracted by using unconstrained {δ n P , W n P } parameters during the fitting. The latter approach reduced the root-mean-square (rms) deviations to the experiments marginally (typically by 20%), while sometimes producing physically dubious values of the chemical shift or peakwidth of the minor Q 1 P signal. Regardless of the precise restrictions imposed on the {δ n P , W n P } ranges, a near-constancy of the {x 0 P , x 1 P } fractions was observed among the glasses with a (nearly) fixed silicate network connectivity.
Besides the 31 P NMR centerband peaks shown in the zoomed spectra of Figs. 1 and 2, the reported fractional populations (x n P ) accounts for the contributions from spinning sidebands arising at the relatively low MAS rate of 7.0 kHz employed herein; they are visible in Fig. S1 that plots a selection of 31 P NMR spectra over a larger ppm range. Owing to the comparatively high 31 P chemical shift anisotropy (CSA) of the less symmetric Q 1 P environments relative to their Q 0 P counterparts, S1-S3 around 30% and 10% of each respective total NMR signal intensity is concentrated in the sidebands. We refer to Leonova et al. S2 for discussions on the relative 31 P CSA magnitudes of Q 0 P and Q 1 P groups. The accuracy of the iterative fitting improved by exploiting the readily identified 31 P NMR peak positions of the Q 1 P groups at the left and right spinning sidebands to constrain the δ 1 P chemical shift at the centerpeak, whose 31 P NMR signal is otherwise masked by the more intense one from the Q 0 P species (see Fig. S1 ). Furthermore, inspecting the spinning sideband peakshapes assists the detection of the Q 1 P moieties, particularly for glasses featuring low silicate network connectivities N Si BO ≈ 2.1, and thereby very modest fractional populations x 1 P ≈0.05, such as in the "45S5" structure; see Table 2 . In such cases, the Q 1 P signals cannot be unambiguously identified if only considering the region around the central 31 P MAS NMR resonances. Hence, based on the centerband signal alone, there is no strong justification for involving a second NMR peak from Q 1 P groups in the deconvolution. Yet, a very high signal-to-noise (S/N) ratio is required to allow analysis of the much weaker sidebands: for instance, even a slightly worse S/N ratio in the top spectrum of Fig. S1 would preclude an unambiguous detection of the signal from Q 1 P groups, despite that their identification is much less problematic in BGs exhibiting higher silicate network connectivities and thereby increased x 1 P -values. The relative Q 1 P fraction is sufficiently low in the 45S5 glass structure that neither 31 P NMR on static powders nor 17 O triple-quantum MAS S4 experimentation allowed its detection. S3 Yet, static 31 P NMR is expected to detect Q 1 P groups if they are present in larger amounts, such for BGs featuring N Si BO 2.5. A few of the current 31 P NMR spectra were presented previously by us; S5 we then invoked signal contributions from both Q 0 P and Q 1 P groups in the iterative fitting throughout, except for that of the BG 2.6 (2.1) composition. However, we should also then have considered a twopeak fit comprising the very minor Q 1 P contribution. Figure S2 displays the difference between employing deconvolutions into one and two NMR peaks of the spectra from the two BG 2.6 (2.1) and BG 6.0 (2.1) samples: it shows that by using two peak components, the deviations between the experimental and best-fit spectra reduce markedly.
S2

S1.2
31 P Chemical Shifts versus Na + /Ca 2+ -PO 3− 4 Contacts: Further Discussion
The 31 P chemical shifts listed in Table 2 were obtained from glasses featuring either increasing P contents at constant N Si BO (see Fig. 1 ) or variable N Si BO -values at nearly fixed P contents (see Fig. 2 ). From their absence of significant variations, thereby suggesting very similar Na/Ca constellations around the Q 0 P and Q 1 P environments, we infer essentially statistically distributed modifiers around P, as also concluded by previous 31 P NMR investigations. S6-S10 Yet, there may be some minor deviations from such a scenario: the {δ n P } data of Table 1 reveals a small but consistent peak-shift by around −1 ppm when the N Si BO -value increases from 2.5 to 2.9, suggesting that there may be a slight preference for phosphate-association with Ca 2+ rather than Na + cations in structures exhibiting a high silicate network connectivity. This is probably also the origin behind the unexpectedly low shift δ 0 P = 7.5 ppm observed from the comparatively Na-rich BG 2.6 (2.7) structure. The anticipated 31 P chemical-shift increase from the slightly higher Na content is likely counteracted by the shift-decrease stemming from a larger number of Ca-P contacts relative to Na-P; compare, for instance, with the shift δ 0 P = 8.7 ppm observed from BG 2.6 (2.1) that exhibits an equal n Na /n Ca ratio but a lower silicate network connectivity of N Si BO = 2.1. Given that the present 31 P chemical-shift based analysis is only qualitative, more conclusive experimental investigations are underway for gaining further insight into the relative Na/Ca-Si/P associations, the results of which will be presented elsewhere.
S2
29 Si NMR
Owing to their larger number of overlapping peak components, deconvolutions of the 29 Si NMR spectra are significantly less reliable than those for 31 P, and they do not generally admit reliable results by unconstrained fitting. We normally employ (δ, W ) parameters restricted within a few ppm, S2,S11,S12 as in the present case of 31 P. Here, however, all Q n Si peak positions, as well as the fwhm values, were highly constrained within ±0.25 ppm. For each glass series of constant N Si BO , its "representative" {δ n Si , W n Si } values were located by an initial, loosely constrained iterative parameter fitting (as in section S1.1). These pairs of "typical" {δ n Si , W n Si } values were then only allowed to vary within ±0.25 ppm during the second deconvolution stage of each BG(N Si BO ) glass series.
This procedure does not permit an accurate assessment of the uncertainty of each best-fit parameter {δ n Si , W n Si , x n Si }, where the unconstrained fractional populations {x n Si } constitute the primary targets. Nevertheless, the following consistency-checks are gratifying: (i ) Within each BG(2.5) and BG(2.9) series, essentially identical 29 Si NMR spectra are observed (except for those of BG 1.0 (2.5) and BG 3.0 (2.9) that are commented below). As then required, the deconvolution output verify nearly equal {x n Si } sets (Table 3) It has been recommended that the N Si BO -value should be involved as a direct constraint among the {x n Si } populations during the iterative fitting. S3 However, this assumes/requires that the nominal and physical glass compositions are indeed identical, whereas if they are not, systematic errors are introduced in the output fractional populations. Hence, we merely employ the N Si BO (nom) values as an independent quality check of the best-fit data. Each of the two BG(2.5) and BG(2.9) glass series reveals one "outlier" sample (see Fig. 3 ). Given that the 29 Si NMR spectrum from each of these deviate slightly from the rest within each series, this must be reflected by slightly different {Q n Si } best-fit sets, as indeed witnessed by the respective results of Table 3 . The best-fit {x n Si } populations obtained from the BG 1.0 (2.5) glass reveal higher (lower) x 2 Si (x 3 Si ) values than the other BG(2.5) specimens, whereas a higher Q 2 Si population is observed for BG 3.0 (2.9) compared to the remaining of the BG(2.9) branch. These 29 Si NMR observations suggest that there may be minor differences between the prepared glass compositions and their respective batched (nominal) counterparts for the BG 1.0 (2.5) and BG 3.0 (2.9) glasses.
Note that there are minor Q 1 Si moieties present in all glasses associated with N Si BO ≤ 2.5, whereas the Q 4
Si populations are non-negligible throughout those featuring N Si BO ≥ 2.5. While the Q 1 Si /Q 4 Si species remain very low in some structures, their consideration consistently improved the quality of the spectra deconvolutions. However, unless the NMR data exhibit very high S/N (for the present spectra in the range 300-450), it is difficult to justify the inclusion of peak components whose populations amount to only a few percent ( 5%) of the total SiO 4 speciation (as in the analogous scenario of Q 1 P groups without additional information), and thereby establishing deviations from a strict binary BO/NBO distribution scenario. A widely spanning quality of the experimental data is likely the primary reason for the somewhat different inferences emerging from various 29 Si NMR studies about the nature of the BO/NBO-distribution among the SiO 4 groups in silicate glasses; see section 4.3.2. Table S1 specifies the number of simulated atoms and lists the {Q n P } and {Q n Si } populations (including the extremely low fractions of Q 2 P groups not presented in Table 4 ) obtained from each of the 2-4 independent simulations per sample. Note that glass compositions featuring low P 2 O 5 contents (<3 mol-%) generally used a larger number of 10 4 atoms, whereas those richer in P employed ≈6000 atoms. This approach reduced some data scatter of the {x 0 P , x 1 P } populations stemming from using a (too) small number of P atoms. Across the entire set of BG compositions, the standard deviations of the x 1 P values among distinct simulations of a given composition consistently remained below 0.05, with the result σ=0.034 obtained for the standard deviation taken across the entire set of samples/configurations that involved ≈6000 atoms. Simulations based on less than 10 4 atoms revealed a significantly higher scatter among the configurations of glass compositions associated with x(P 2 O 5 )<0.03; several additional modeled results that were performed for systems comprising <6000 atoms are neither included in our analysis nor shown in Table S1 .
S3 MD Simulations
Besides the number of simulated atoms, the convergence of the Q n P fractional populations may be affected by the fast cooling rate (q C ), S13,S14 which is ∼10 10 times faster in the calculations than that involved in the glass synthesis. The present value of q C = 10 K/ps is commonly employed in MD work on related BG systems; S3,S15-S17 we selected it as a compromise between realistic computation times but avoiding a too small number of atoms per simulation (as discussed above), ensuring further reliability by performing 2-4 separate simulations, as well as allowing the probing of a large series of 13 glasses. The cooling-rate dependence of the x 1 P populations of 45S5 was very recently explored by Tilocca over a large range of q C -values, S14 where significant variations of the simulated x 1 P populations were only observed for q C > 5 K/ps. Incidentally, the present value x 1 P = 0.166 for the same glass composition and q C = 10 K/ps is very close to the result reported for q C = 5 K/ps in ref. S14. To explore the potential cooling-rate effects on the phosphate speciations of the present glasses, simulations of the BG 6.0 (2.5) and BG 2.0 (2.5) compositions were performed with 5644 and 5768 atoms, respectively (see Table S1 ). In the former case, the Q 1 P population varied slightly against the quench-rate as follows: 0.332 (20 K/ps), 0.304 (10 K/ps), 0.258 (5 K/ps), and 0.276 (2 K/ps); while the slight initial x 1 P decrease between 20 and 5 K/ps confirms the general trend highlighted in ref. S14, the deviations between the result at q C = 10 K/ps and those obtained at other cooling rates remain small and comparable with the standard deviation associated with simply using distinct different initial configurations of otherwise identical simulations (σ = 0.034; S4 see comments above). For the case of BG 2.0 (2.5), only two additional calculations were carried out with q C = 20 K/ps and q C = 5 K/ps, yielding x 1 P = 0.262 and x 1 P = 0.275, which may be contrasted with the very similar result of x 1 P = 0.267 for q C = 10 K/ps (see Table S1 ). Altogether, these variations are well within the stated uncertainty of our simulated {x 0 P , x 1 P } values. We also note that the {Q n Si } populations did not reveal any trends (or significant variations) when the quench-rate varied. a Bold-face entries correspond to the fractional populations listed in Table 4 ; they represent averages over the individual data listed beneath. b N tot represents the total number of atoms in the simulation, whereas N P and N Si correspond to those of P and Si, respectively. Figure S1 . Experimental 31 P NMR data (black traces), displayed over a larger spectral range to reveal the weak spinning sideband contributions (marked by asterisks). The Q 0 P and Q 1 P signal components (grey traces) resulting from deconvolution are also displayed. The curve beneath each spectrum reveals the difference between the experimental and best-fit spectrum. Note that each spinning sideband comprises a relatively stronger signal intensity from Q 1 P groups compared to that of the centerband, which is dominated by the Q 0 P NMR signal. Besides assisting the detection of the 31 P resonances from Q 1 P groups, this feature was utilized to locate the isotropic chemical shift δ 1 P at the centerband and thereby better constrain this parameter in the iterative fitting procedure. Figure S2 . Experimental 31 P NMR spectra from the BG 2.6 (2.1) [left panel] and BG 6.0 (2.1) [right panel] glasses, deconvoluted into either two peaks (top row) from Q 0 P and Q 1 P groups, or solely one peak from the Q 0 P groups (bottom row). Note the significantly improved quality of the two-peak fits, reflected by their reduced discrepancy between the experimental and best-fit results revealed by the curve beneath each NMR spectrum. S10
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